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A strangeness +1 exotic baryon Θ+ has recently been seen in a number of experiments. We
demonstrate that in large Nc QCD the existence of such a state implies the existence of S = +1
partner states with various spins and isospins but comparable masses. We discuss the spectroscopy
of such states and possible channels in which they can be observed, based on the simple assumption
that those states with pentaquark quantum numbers are unlikely to be large Nc artifacts.
PACS numbers: 11.15.Pg, 13.75.Jz, 14.20.Jn
The recent experimental observation announced by
several groups [1, 2, 3, 4] of a strangeness S=+1 baryon
Θ+ with a mass 1540 MeV and narrow width (< 25 MeV)
into the channelKN ranks among the most exciting find-
ings in hadronic physics in recent years. An S=+1 state
necessarily contains an s¯ valence quark, whereas all pre-
viously known baryons have quantum numbers that can
be accommodated by three quarks and no antiquarks.
Given the KN decay channel [as distinct from KN , in
which conventional S = −1 resonances such as Λ(1405)
occur], the most natural valence content is that of a pen-
taquark uudds¯ state, an entirely new type of hadron.
The width of the Θ+ has thus far only an experimen-
tal upper bound. While its small size may at first glance
seem surprising, it is not an uncommon feature among
the lowest strongly-decaying strange baryon resonances
(e.g., Γ[Λ(1520)] = 16 MeV), and can be largely at-
tributed to the smallness of available phase space [5].
Exotic baryon states were studied previous to their ob-
servation, with some studies appearing as early as the late
1970s [6, 7, 8]—after all, there is no compelling reason
that such states should not occur in QCD. The recent an-
nouncements by the experimental groups have spawned
a flurry of theoretical work [9, 10, 11] using such tools
as quark models with bags, potentials, and pure group
theory, and chiral soliton models. Nevertheless, all the-
oretical approaches used up to this point are more or
less model dependent; in this Letter we obtain model-
independent predictions, based upon the existence of the
Θ+, using only the large Nc limit of QCD.
We should note at the outset that there is no known
model-independent way to predict Θ+ properties directly
from large Nc QCD. Indeed, claims that chiral soliton
model predictions are independent of model details such
as the profile function are shown in Ref. [12] to be the
result of a treatment of collective quantization that is
inconsistent with large Nc scaling.
However, large Nc analysis allows one to correlate pre-
dictions of exotic states. Thus, while large Nc analysis
by itself cannot predict the Θ+ mass, it can predict the
existence of other S=+1 states with similar masses and
widths (i.e., which differ by an amount of order 1/Nc).
The quantum numbers of such states are derived here.
In the generalization of QCD from 3 to Nc colors,
the ground-state band of baryons fills a completely sym-
metric spin-flavor representation that subsumes the old
SU(6) 56-plet containing the N , ∆, Ω, and so on [13].
Such states have masses of O(N1c ), because Nc va-
lence quarks are required to build a color-singlet state.
Baryons within this multiplet with the same number of
strange quarks are split in mass only at O(1/Nc) [14];
indeed, the ∆ has enough phase space for strong decays
only because chiral symmetry makes the pi mass smaller
than the O(1/Nc) ∆-N mass splitting.
Excited baryons exist as well in large Nc [15, 16].
While such resonant states strictly speaking appear as
poles in meson-baryon scattering amplitudes, the consis-
tency between this picture and that of excited baryons
as Nc-quark states collected into SU(6)×O(3) represen-
tations in the large Nc limit has been thoroughly demon-
strated [17]. Generically, the well-known Witten Nc
power counting [18] predicts excited baryons to have
widths of O(N0c ) and masses above those of the ground-
state band by O(N0c ). The possibility that certain
baryons (those in a mixed-symmetric spin-flavor repre-
sentation) are actually characteristically narrower—with
widths of O(1/Nc)—has been discussed [16]. However, it
has been recently demonstrated that this result is a con-
sequence of the very specific simple model used; generi-
cally in large Nc QCD the excited baryon widths are, in
fact, O(N0c ) [19]. With the inclusion of a typical hadronic
scale ΛQCD, these excitations typically amount to a few
hundred MeV.
We assume, as is typically done in large Nc studies,
that all quantized observables associated with baryons
(i.e., spin, isospin, and strangeness) retain their Nc = 3
values for arbitrary Nc. Otherwise, one is faced with
phenomenological consequences for Nc > 3 that do not
match those of Nc = 3. In this spirit, here we assume
that the appropriate large Nc generalization of the Θ
+ is
2a state with the quantum numbers of (Nc+1) light valence
quarks and one valence strange antiquark; the additional
light quarks in the large Nc world form isosinglet, spin-
singlet ud pairs.
There is an important distinction between exotic me-
son and baryon states at large Nc. For mesons as
Nc → ∞ we know that there are no narrow qqqq ex-
otic states [20], but there must be narrow hybrid exotics
with the quantum numbers of qqg [21]. For baryons, large
Nc neither implies nor precludes the existence of exotic
states. However, such states fall into nearly degenerate
multiplets at large Nc in a manner analogous to the mul-
tiplet structures that arise for nonexotic baryons [17, 22].
Thus, once the existence of just one such state is estab-
lished, the existence of a number of others with different
values of spin and isospin is a guaranteed. The physics
underlying this result is the existence of a small num-
ber of “reduced” scattering amplitudes, each of which
contributes to a number of observable scattering ampli-
tudes [23, 24]. A complex pole appearing in one of the
reduced amplitudes indicates the presence of a resonant
state, with mass and width given by the real and imag-
inary parts, respectively. Furthermore, poles with these
same values then appear in several partial waves, indi-
cating degenerate states in the large Nc limit. In fact,
since the scattering amplitudes themselves are O(N0c ),
the masses and widths are degenerate to this order, and
are split only at O(1/Nc), with typical sizes for Nc=3 of
<100 MeV.
We are interested in the appearance of such related res-
onant states in KN scattering amplitudes. These states
have S=+1 and are manifestly exotic. Since strangeness
plays an essential role in this problem, it may seem nat-
ural to work in an SU(3) flavor-symmetric framework.
But we avoid this for a number of reasons, both practical
and theoretical. On the practical side, our purpose is to
predict exotic states that may be identified experimen-
tally. S = +1 provides a clean experimental signature
of the exotic nature of the state, and thus we focus on
the S=+1 states. One does not require a description of
full SU(3) multiplets to study these states, but only the
SU(2) multiplets in the S = +1 subspace. On the the-
ory side, a number of issues suggest that it is sensible to
restrict ourselves to SU(2) flavor. For one, SU(3) break-
ing is not manifestly small for all observables—while a
perturbative treatment around an SU(3)-symmetric the-
ory works well for many observables, it also fails for some
(e.g., the vector meson mass spectrum). We do not know
a priori how well it can be expected to work for exotic
baryons, as no one has prior experience with such states;
thus, it seems prudent to refrain from relying upon SU(3)
symmetry. Furthermore, there are subtleties associated
with SU(3) representations at large Nc; the SU(3) rep-
resentations for baryons are all infinite dimensional as
Nc→∞ [13, 25]. Thus the association of representations
at large Nc with representations at Nc=3 is not totally
trivial. In particular, if one inserts Nc = 3 in one part
of the calculation in order to get the physical represen-
tations, one loses the ability to track the Nc [12]. While
it is possible to formulate carefully the SU(3) problem at
large Nc, it is less ambiguous and more physically trans-
parent to avoid these problems by imposing only SU(2)
isospin symmetry.
Consider meson-baryon scattering m + B → m′ + B′
with fixed strangeness in the initial and final state, such
that the meson m (m′) has spin s (s′) and isospin i (i′).
The baryon B (B′) belongs to the ground-state band
(N , ∆, etc.), which contains for strangeness 0 only states
with spin = isospin R (R′). The total spin angular mo-
mentum of the meson-baryon system is denoted S (S′)
(and should not be confused with strangeness), while the
relative orbital angular momentum is denoted L (L′).
The total isospin and angular momentum of the state
are denoted by I and J , respectively. Finally, abbrevi-
ate the multiplicity 2X+1 of an SU(2) representation of
quantum number X by [X ]. The fundamental expression
relating scattering amplitudes in the large-Nc limit then
reads [24]
SLL′SS′IJ =
∑
K,K˜,K˜′
[K]([R][R′][S][S′][K˜][K˜ ′])1/2
×


L i K˜
S R s
J I K




L′ i′ K˜ ′
S′ R′ s′
J I K

 τKK˜K˜′LL′ .
(1)
A few words about the derivation of Eq. (1) are in or-
der. This equation was originally derived in the context
of an SU(2) Skyrme-type model (i.e., a model without
a strange degree of freedom), and with the help of stan-
dard identities in SU(2) group theory was then used to
deduce the It=Jt rule for meson-baryon scattering [24].
As noted in Ref. [17], such a derivation, can be turned
on its head: The fact that large Nc consistency rules can
be shown to imply the It=Jt rule for all observables at
large Nc [26], together with the same SU(2) identities,
implies that Eq. (1) holds at leading order in 1/Nc. Such
a derivation is fully model independent. Moreover, this
alternative derivation makes clear that Eq. (1) applies to
the scattering of strange mesons off nonstrange baryons.
The point is simply that the derivation depends only on
the quantum numbers exchanged in the t channel; these
quantum numbers are necessarily non-strange for such a
scattering since the strange quark both enters and leaves
the reaction in the meson, without being transferred to
the baryon. On the other hand, resonances in the s chan-
nel then have S=+1, allowing one to make contact with
the exotic states of interest.
In the present case the mesons are kaons and thus
s = s′ = 0, which collapses the 9j symbols to 6j sym-
bols, forcing as well S→R, S′→R′, and K˜ = K˜ ′ =K.
The reduced amplitudes may then be relabeled sKKLL′ =
3(−1)L−L
′
τKKKLL′ (K denotes the kaon). Furthermore,
i = i′ = 1/2. In this case the expression simplifies to
SLL′RR′IJ = [R]
1/2[R′]1/2(−1)R−R
′
∑
K
[K]
{
1
2
L K
J I R
}{
1
2
L′ K
J I R′
}
sKKLL′ .
(2)
All of the predictions of this work follow simply from this
relation.
Each distinct pole occurring in Eq. (2) is identified
solely by the K value of the reduced amplitude; the L,
L′ values refer to the manner from which meson-baryon
scattering states couple to the resonances but do not
characterize the resonance itself.
For the purposes of this work, we assume that the ob-
served Θ+ is an I =0 state. At present there is no par-
ticular experimental evidence for this value. However, it
does emerge as the lowest state in many models. In any
case, we will take this as a starting point for the anal-
ysis here both because it is quite plausible and because
the analysis is particularly simple. If it turns out subse-
quently that the Θ+ has a different isospin, the analysis
can be easily modified to account for the correct value.
The isospin of the Θ+ is not the only unknown quan-
tum number; its spin and parity also have not been fixed
experimentally. Our prediction of partner states with
given quantum numbers depends upon these values for
the Θ+. Once they are fixed from experiment, one can
make a concrete predictions. In the following we make
predictions for partner states based on all of the possible
values JP00 consistent with an Nc =3 pentaquark. Note
that Eq. (2) with I=0 is exceptionally simple: The only
surviving amplitudes are
SL0L0 12
1
2
0J0 = s
K
J0L0L0 . (3)
In particular, the only allowed K value equals J0, only
R=R′= 1
2
(the pole appears in KN , but not K∆, chan-
nels due to I conservation), and L′0=L0 (the pole does
not appear in mixed partial waves due to angular momen-
tum and parity conservation). From here, the procedure
is extremely straightforward: One looks for channels with
distinct (I,J) values in which poles with K=J0 occur.
The results obtained from Eq. (2) are straightforward
to summarize. A state of I=0 and spin J0 and either par-
ity P0 occurring in a partial wave of relative orbital an-
gular momentum L0 has I=1 partners [meaning masses
and widths equal to within O(1/Nc)] of all spins J1 con-
sistent with the vector addition J1 = J0+1, and the
same parity P1 = P0 ≡ P . Furthermore, the I = 1 part-
ners appear only in partial waves with the same orbital
quantum number, L1=L0 ≡ L, which is constrained by
angular momentum conservation to lie within 1/2 unit of
J0. These latter two results rely on parity conservation.
The previous scheme lists all the possible partner states
for a world with Nc →∞. Clearly some of these could
be large Nc artifacts. On the other hand, the J0 values
that may be constructed as true pentaquarks at Nc=3,
namely, 1/2, 3/2, and 5/2, are physically very plausible.
Moreover, for any I = 0 state containing a (necessarily
equal) number of u and d quarks, it is possible to con-
struct one of the same quark content—and hence for the
same value of Nc—but I=1 by flipping relative signs of
the u-d flavor wave function. One then finds, for either
value of P , that I=1 partners with each allowed J1 ap-
pear in all channels coupled to either KN (R= 1/2) or
K∆ (R=3/2), with the following exceptions:
• If JP0 =1/2
−, then only amplitudes with J1= R= R
′
contain the pole with K=J0 (i.e., KN → K∆ does not
produce this resonance).
• If either (1) JP0 =3/2
+ and JP1 =5/2
+, (2) JP0 =3/2
−
and JP1 = 1/2
−, (3) JP0 = 5/2
− and JP1 = 7/2
−, or (4)
JP0 =7/2
+ and JP1 =3/2
+, then the K=J0 pole appears
only in amplitudes with R = R′ = 3/2. In such cases,
the given partners would not be visible in KN → KN
or KN → K∆ processes, and therefore alternate exper-
iments to KN scattering would be required to uncover
the existence of such partners.
If any of the pentaquark states produced in KN
scattering—whose total spin angular momentum is only
1/2—should have a large spin such as 5/2 or 7/2, then
it must be produced in a high partial wave, say L=2 or
3. Assuming that the mass of the state is near the KN
threshold, as is true for the Θ+ and therefore also for
its partners (degenerate to within about 100 MeV), then
the available phase space is proportional to |p|2L+1 and
quite small widths [O(1 MeV) or less] for such states are
not out of the question.
Equation (2) also predicts I =2 partners to the I =0,
spin J0 state in large Nc. One can show that for ei-
ther parity, partners with each spin allowed by the vec-
tor addition rule J2=J0+2 occur; in the context of KR
scattering, where again R is a ground-state band non-
strange baryon with I = J , I = 2 states may only be
reached through the K∆, and some require scattering
with the Nc≥5 baryon with R=5/2. Nevertheless, I=2
states may be reached through other channels such γd.
An important caveat to keep in mind when considering
higher-isospin partners, however, is that such states may
be artifacts of Nc > 3, since their total isospin may in-
clude u, d valence quarks beyond the four available in the
Nc=3 pentaquark.
Thus we see, regardless of the spin and parity of the
Θ+, that large Nc QCD predicts it has quantum-number
exotic partners degenerate in mass and width up to
O(1/Nc) effects. While one does expect the mass predic-
tion to work fairly well—states within a couple of hun-
dred MeV—a note of caution should be added about the
widths. The Θ+ is rather close to threshold, far closer
than is “natural” from 1/Nc effects alone. As a result,
phase space greatly restricts its width. In contrast, its
partner states may be expected to be significantly higher
4above threshold, which greatly increases the phase space.
Accordingly, one does not necessarily expect the widths
of these partner states to be similar to that of the Θ+,
but similar to each other.
We note lastly that Eq. (2) holds for any fixed value of
S (the strange quarks merely “go along for the ride”), as
long as the mesons in the scattering process have i=1/2.
That is, Eq. (2) works equally well for KN scattering.
Our results predicting the partners of the Θ+ carry over
verbatim to predictions of partners of the Λ resonances.
They imply that a Λ with spin-parity JP0 appearing in
a partial wave of a given L has Σ partners with spins
satisfying the vector addition rule J1=J0+1, in the same
partial wave L, with the same parity P . This analysis
does not , however, predict the multiplicity of states with
degenerate I, JP corresponding to the same K pole but
distinguished by quantum numbers not specified here.
An excellent example is provided by the Λ(1405) and
the Λ(1670), both of which have I = 0 and JP = 1/2−,
and both are generally assigned to the mixed-symmetry
spin-flavor multiplet of SU(6) (a 70 for Nc=3), but the
former is an SU(3) singlet and the latter is in an SU(3)
octet for Nc=3. Equation (3) indicates that both states
correspond to K = 1/2 poles, but because the masses
can be accommodated by (substantial but unnaturally
large) O(1/Nc) corrections [15], while distinct poles with
a given K are generically expected to be separated by
O(N0c ), one concludes that they both originate from the
same K=1/2 pole.
One then concludes that in large Nc, regardless of any
particular picture such as the quark model, Λ resonances
of a given spin-parity should always have Σ partners with
quantum numbers as described above. This is a testable
proposition, for which a quick survey of the Review of
Particle Physics [27] is appropriate. One finds that the
JP0 = 1/2
− S01 states Λ(1405) and Λ(1670) appear to
have as a partner the JP =1/2− S11 Σ(1620), while the
JP0 = 1/2
− S01 state Λ(1800) appears to be partnered
with the JP = 1/2− S11 Σ(1750). The 3/2
− D03 reso-
nances Λ(1520) and Λ(1690) should be partnered with
3/2− and 5/2− Σ’s visible in KN scattering, and indeed
there appear to exist D13 3/2
− states Σ(1580), Σ(1670),
and Σ(1940), and the D15 state Σ(1775). One more ex-
ample is appropriate: The 1/2+ P01 states Λ(1600) and
Λ(1810) should be partnered with 1/2+ and 3/2+ Σ’s
and indeed there exist P11 Σ(1660) and Σ(1880), but the
evidence for the P13 states below 2 GeV is still poor.
While a number of predicted Σ states have not yet been
seen definitively, each one that has been observed can be
identified as being partnered with some observed Λ state.
In summary, the large Nc limit of QCD provides a
powerful tool to determine multiplets of baryon states
related by symmetry, even in interesting cases like that
of the Θ+, where the detailed dynamics underlying their
mere existence remains obscure.
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